Context: Anaerobic Digestion (AD) is a well-established process and widely used for wastewater treatment and power generation worldwide. In engineering, the Anaerobic Digestion Model number 1 (ADM1) is the preferred tool for predicting the behavior of AD. However, this model requires a detailed characterization of the input substrate, which is often a difficult and expensive process. This paper presents an analysis of the input waste variables in the ADM1 and its effects on the biogas production, in order to identify on which variables the characterization should be centered. Method: A sensitivity analysis was performed using a simple methodology that consisted of establishing a reference case and change the value of each input concentrations one at a time leaving the other parameters equal. For this a specific range of variation was defined using the values of parameter extracted from several references. Simulations were done in MATLAB/Simulink R using a routine developed by the authors based on the ADM1 implementation proposed in the Lund University, Sweden. Results: The analysis reveals that most critical variables involved in the methane production are temperature, volumetric flow rate of substrates and the concentrations of proteins, lipids and carbohydrates. For the case analyzed, variations in concentrations of lipids and carbohydrates increase the production of methane by more than 500 %. Conclusions: In the concentrations of proteins, lipids and carbohydrates should focus the characterization of waste input when the ADM1 is implemented. Also, simulations shows that the input concentrations should be carefully estimated because oversizing of these can cause erroneous results. Keywords: ADM1; anaerobic digestion; biogas production; sensitivity analysis. 
Introduction
Anaerobic digestion (AD) is a complex biological process that comprises a network of sequential and parallel reactions of biochemical and physicochemical nature. These reactions are made by several microbial groups in an anaerobic environment [1] , [2] . The process begins with a decomposition of organic matter in the absence of oxygen producing biofertilizer and biogas. The first resultant product is a substrate rich in nitrogen, phosphorus, potassium, and calcium; while the second product is a biofuel composed mainly of methane (CH 4 ) and carbon dioxide (CO 2 ), able to override fossil fuels [3] .
Other benefits offered by AD include a reduction in the chemical oxygen demand (COD), the control of pathogens and the odor reduction in wastewater [4] . However, microorganisms that develop the AD process are highly sensitive so any variation in the reactor conditions or changes in the residue that feed them could inhibit or damage the biological process [2] , [5] . For these reasons, it is necessary to have a reliable characterization of each waste that enters to the reactor and control many of the variables involved in the process, such as: temperature, pH, carbon/nitrogen ratio (C/N), organic leading rate and hydraulic and solid retention times [5] , [6] .
Several control methods have been developed to optimize the behavior of the AD process increasing the biogas production. These improvements have turn the biofuel in a more competitive source of renewable energy [7] , [8] . Nevertheless, in order to develop adequate control strategies it is necessary to use mathematical models to predict the behavior of the AD process in a reliable way [5] . In the last four decades, several models of the AD process have been proposed. Some of them have a limited number of equations including kinetic rates and work for specific applications [9] , [10] . Currently, complex models include more species of microorganisms and present the characterization of different substrates [11] - [13] .
One of these complex models is the Anaerobic Digestion Model Number 1 (ADM1), which is the most studied in the literature [14] , [15] . The ADM1 is a robust model that provides good results when the characterization of the waste input is correctly realized. However, the model has many input variables and the available information is scarce. For this reason, in several cases the application of the ADM1 is reduced to use the input variables and the parameters presented in the model report [3] . This condition makes difficult the diffusion of the model in research areas different to biochemistry or microbiology among others.
Some methodologies to facilitate the application of the ADM1 and to reduce its inputs number have been developed [15] - [17] . These papers focus on facilitating the characterization of the input residue, however, do not evaluate how a variation in these input variables affects methane production. For this reason, this paper presents a sensitivity analysis of the ADM1 in order to identify the variables that most affect the AD process and the most important variables involved in the input waste characterization. In addition, a brief description of the model structure, its advantages and its applications are presented. For the sensitivity analysis, 911 simulations were made using a Matlab/Simulink R routine and a user interface developed by authors. The implementation of the ADM1 is based on the work of Rosen & Jeppsson with wastewater treatment plants, where computational and methodological considerations for proper implementation of the ADM1 are presented [18] .
The rest of the paper continues as follows: the ADM1 model structure and some aspects to take into account during its implementation are described in section 2. In section 3, the methodology used for the sensitivity analysis and the results provided for the sensitivity analysis of the ADM1 model are presented. A discussion about the critical variables involved in the input waste characterization for AD process is shown in Section 4. Finally, some conclusions are presented in section 5.
Anaerobic Digestion Model N •

(ADM1)
The ADM1 was developed by a group of experts in the AD process, sponsored by the International Water Association (IWA) [5] . The ADM1 is divided into a liquid phase and a gas phase. The first stage gathers the input residue concentrations and the substrate concentrations inside the reactor, also called digester. The second phase gathers the gases produced by the AD of biomass. In these phases occur several conversion processes, called biochemical and physicochemical reactions. These biochemical reactions and its conversion processes (listed 1 to 7) are showed in Figure  1 [3] . In the biochemical reaction, there are three biological steps: acidogenesis, acetogenesis and methanogenesis. As well as an extracellular disintegration and one-step of extracellular hydrolysis. On the other hand, the physicochemical reactions are divided into liquid-liquid reactions (association and dissociation of ions) and gas-liquid exchanges. These reactions are used to describe the acid-base equilibria and the biological inhibition factors due to variations of the pH and the concentration of dissolved gases [1] , [18] . Using the ADM1 it is possible to describe, in general terms, the AD process and provides a common basis for validating and comparing results obtained experimentally. In addition, the model allows developing control strategies and optimize the AD process. The model has 29 state variables with a dynamic behavior. These variables are divided into 26 for the liquid phase and three (3) for the gas phase which are the concentrations of CH 4 , CO 2 and hydrogen (H 2 ) [18] . Table I shows the input substrate characteristics which are divided in its soluble concentrations (S), particulate concentrations (X) and the operational parameters (volumetric flow and the operation temperature) that constitute the input vector of ADM1. These variables are grouped in a Peterson matrix, where they interact with 19 biochemical processes by means of kinetic rates, stoichiometric and physical parameters that are included in the complete model [1] .
Inside the model, each state variable has a mass balance represented by the differential equation shown in (1) , where m x is the specific mass of the chemical or biological species (x), the input and output rates of the mass flow are defined byṁ x,in andṁ x,out , respectively, andṙ is the net mass generation rate for each specie [19] . When the reactor volume (V reactor ) do not change over time, and there is a homogeneous mixture of the substrate (within the digester), it can be assumed that the effluent concentration is equal to the substrate concentration inside the system S x , so the mass balance can be described by (2) . In this mathematical expression, S x , in is the affluent concentration,ρ x is volumetric mass generation rate and q in and q out are the input and output flows, respectively. Additionally, the expression presented in (2) can become in an algebraic equation under the steady-state condition described in (3). This is possible because the derivative of the concentration (dS x /dt) becomes to zero. However, if the reactor is closed (batch upload) and the initial concentration inside de has reached steady-state, the mass balance can be described by (4) [19] .
On the other hand, organic matter usually have different degradation rates, so the ADM1 uses the chemical oxygen demand (COD) as a common basis to characterize different biomass concen-trations. In this context, COD can be divided to represent different rates of biodegradation as it is shown in Figure 2 . In addition, COD relates the organic substrate, the active biomass and oxygen used, keeping the mass balances [5] , [20] . It is important to note that during the implementation of the model developed by Rosen & Jeppsson in [18] , inputs are divided into three groups: the characteristics of the waste input, substrate concentrations at steady-state within the digester and a set of biochemical, physicochemical, stoichiometric and physical parameters of the system.
Sensitivity analysis
Sensitivity analysis is a systematic study of how variations of the incoming data affect the outputs of a model. In dynamic and complex models, such as the ADM1, this type of analysis are important because allows checking the internal logic of the model and understand its operation. It also identify values for which the model has discontinuities or limits and define the relevance of each parameter in order to determine the attention to be given during their measurement and control.
Methodology
Due to the complexity of the ADM1 and the number of input variables, the sensitivity analysis was performed modifying the value of each input concentrations shown in Table I one at a time leaving the other parameters equal. For this paper, the work presented in [18] was defined as a base case where a continuous stirred tank reactor (CSTR) in steady state was simulated for a wastewater treatment plant. The changes of the input concentrations depending on the residue used (i.e., agrowastes, wastewater). For this reason, a specific range of variation was defined using the values of parameter extracted from several references [6] , [17] , [18] , [21] - [25] . Although this review allowed identifying the maximum and minimum possible values for many of the variables, some input concentrations like S ch4 and S h2 were not documented, so it was decided to vary them in a wide range for academic purposes.
The analysis was focused on the methane production (in mass units) because it is one of the most common indexes used for estimating the efficiency of the AD process. The methane production can be calculated using the following expression [21] :
day ] = 1 molCH 4 0,064 kgCOD * 0,016kg 1 molCH 4 * q gas t * P atm P gas,t * S gas,CH 4 (5) Figure 2 . Division of the chemical oxygen demand (COD) (Source: adapted from [17] ).
Where, q gas t is the amount of total gas expressed in [N m 3 /day], S CH 4 is the concentration of methane in [kgCOD/m 3 ], P atm is the atmospheric pressure in [bars] and P gas,t is the sum of the partial pressures (in bars) of the gases included in the biogas model (outputs variables of the ADM1). It is important to note that the factor P atm /P total,gast is used in (5) to remove the normalized value of q gas t . Finally, in order to obtain an idea about the energetic potential of the biogas it was established that 1 [ 
Results
In this section, the results obtained from the sensitivity analysis of the variables listed in Table I are presented. It is important to note that some parameters were changed between extreme values in order to find critical conditions in the model. This process provides a better understanding about the impact that each variable has on the AD process and determine the ranges in which the ADM1 could provide unreliable results. In addition, for a better comparison of results the concentrations (parameters) that have the same scale and possess the same units were grouped in the same plot. Figure 3 illustrates the methane production with respect to the variation of the following soluble concentrations: sugars (S su ), amino acids (S aa ), long chain fatty acids (S f a ), valerate total (S va ), butyrate total (S bu ), propionate total (S pro ) and acetate total (S ac ). These variables were changed from 0,001 to 10 [Kg COD/m 3 ]. Results presented in Figure 3 show a linear growth in all concentrations except for amino acids. With respect to soluble concentration, the variable that produces the greatest variation on the methane production is the acetic acid (S ac ), which causes an increase up to 35 %. This increase is not very significant considering that the input concentration was changed about 10000 times with respect to the value of the base case. On the other hand, from the sensitivity analysis it is observed that some variables produce small changes (<0,1 %) on the CH 4 production. This is the case of dissolved methane concentration (S ch4 ) and hydrogen concentration (S h2 ), whose behavior is shown in Figure 4 . These concentrations do not affect the decomposition of organic matter inside the reactor because before the AD process starts they are very small (ideally zero). In the base case, these variables are fixed whit a value close to zero to avoid numerical problems [18] . Figure 5 shows the variation of inert soluble compounds (S I ) and inert particles (X I ). In this case, negligible variations (<0,001 %) on CH 4 production are observed when inert concentrations are changed. These minimum variations confirm that inputs S ch4 , S h2 , S I and X I do not involved in the process of CH 4 production. Methane production with respect to X su , X aa , X f a , X c4 , X pro , X ac , X h2 . Figure 8 presents the methane production due to changes in the concentration of three macromolecules: carbohydrates (X ch ), proteins (X pr ) and lipids (X li ). For all macromolecules, the methane production presents a pronounced linear growth, especially when carbohydrates and proteins increase. Later, CH 4 Particulate concentrations associated with the consumption of sugars (X su ), amino acids (X aa ), fatty acids (X f a ) and acetic acid (X ac ) among others are presented in Figure 9 . In this figure, X ac is the most representative concentration since the maximum value achieved was 1150 [kg CH 4 /day] which is equivalent to a slight increase of 1 % in the methane production.
Methane production and pH value with respect to variations of cations and anions are shown in Figure 10 and Figure 11 , respectively. These parameters are important in the ADM1 because they are used to obtain the load balance and the concentration of hydronium ion (H+) used in the computation of the pH value. From simulations, the recommended range for the pH in the AD process is 6.5 to 7.5 (without being inhibited) [19] . In addition, it can be noted that the variation of S cat reduces the methane production from 1141 to 990 [kgCH 4 /day] due to an increase in the pH value (outside of the recommended range). In the case of S an , the methane production remains in an average value of 1140 [kgCH 4 /day] until the S an reaches a value of 0,149 [Kmole/m 3 ], in which the process is completely inhibited because the pH value starts to decrease. In general terms, when the AD process exceeds this threshold (pH value), it is so late to take a corrective action. However, if the pH variation is detected early the process can be controlled with the addition of chemicals such as: sodium carbonate, sodium bicarbonate, gaseous ammonia, ammonium hydroxide and sodium hydroxide [26] . In the case of the variation of the volumetric flow rate of substrates (Q in ), it should be noted that in biogas plants this is a parameter easily adjustable because it has direct control over the amount of substrate input. However, the variation of Q in should be done considering the dilution rate (D), which is presented in (6) . This parameter relates Q in with the liquid volume of the reactor (V liq ).
As an operating condition, D must be less than the growth rate of the species that grows slower. This is necessary to guarantee that microbial population has enough time to multiply inside the reactor (digester). If this condition is not accomplished, the AD process will be inhibited by lack of microorganisms [7] . The variation of Q in for different volumes of the reactor is shown in Figure 12, where the composition of the input residue and the other parameters of the base case were kept constant. From these results, it is possible to determine the maximum dilution rate that can be allowed before the system is inhibited. Using the Matlab R routine developed by authors, the maximum calculated dilution rate was D=0,21 [day It is important to note that the temperature affects directly the speed of the biochemical reactions and the growth rate of the microorganisms [19] . Therefore, for a correct implementation of the ADM1 is necessary to adjust the input parameters according to the operating temperature. However, there are few data in the literature that allow to relate the kinetic rates of biochemical processes with changes in temperature. For this reason, in this work it was decided not to vary these parameters, leaving them equal to the base case in all simulations.
On the other hand, Figure 13 presents the complete gas production (CH 4 , CO 2 and H 2 ), including water vapor (H 2 O), obtained when temperature changes from 10
• C to 80
• C. In this case, to estimate how the ADM1 behaves at different temperatures, the input variables remain fixed using the base case values [18] . Figure 13 shows that the highest methane production in volumetric units [m 3 /day] is produced when the temperature is 40
• C. In addition, the total production of biogas (q gas total ) increases as the temperature increases. However, the quality of the biogas, in terms of methane content, decreases while the water vapor and the amount of carbon dioxide and dihydrogen increase [27] . When the temperature reaches 72
• C the conditions within reactor become very aggressive for microbial populations and gas production drops abruptly.
Discussion
From the sensitivity analysis, the variables that proved to have a greater impact on methane production are the concentrations of proteins (X pr ), lipids (X li ) and carbohydrates (X ch ) which depend partially from the input waste characteristics. However, simulations of the ADM1 show that care must be taken with the entry of the input variables due to very high values can overload the reactor. In addition, as is shown in the Figure 14 it is necessary to maintain the accumulation of acids under control because these concentrations may decrease the pH (under 6,5) and inhibit the AD process due to the interruption of the methanogens [19] , [26] . For this reason, the pH must be continually monitored because it has a remarkable impact on the stability of the AD process by regulating the coexistence of microbial populations. It is important to note, that when the concentration of proteins and amino acids is very high, a toxic compound as ammonium may appear [5] .
Another variable that demonstrated a representative impact on methane production was the temperature, which is considered by many authors as the most important variable to control the AD process. The temperature must be maintained at a constant value (fluctuations below 2
• C/day) to avoid the death of microorganisms [27] . On the other hand, although the increase of the temperature reduces the retention time and provides better degradative behavior [28] , this implies a more robust control, an increase in the energy consumption, an increase in the concentrations of orga-nic acids (which decrease the pH) and makes the process more vulnerable to inhibitors such as ammonia [27] . These factors collectively may decrease the efficiency of the AD process.
Conclusions
In this paper a sensitivity analysis of the anaerobic digestion model ADM1 including its 26 variables of the liquid phase and three variables of the gas phase (CH 4 , CO 2 and H 2 ) was presented. Input waste variables were varied individually using a Matlab R Simulink routine implemented by authors. Simulations show that most critical variables involved in the methane production are temperature (T ), volumetric flow rate of substrates (Q in ) and the concentrations of proteins (X pr ), lipids (X li ) and carbohydrates (X ch ). For the analyzed cases, X li and X ch increase the production of methane by more than 500 %, so in these variables should focus the characterization of waste input when the ADM1 is implemented.
The ADM1 facilitates the design of new biogas plants and allows validating hypothesis and optimizing designs. An example of the model versatility was showed in the Figure 12 , where the maximum Q in to obtain the greatest amount of methane for the base case was calculated. Finally, inhibition due to reduction of pH and high ammonia concentration present as variables in the ADM1 establish operating limits for the process. These parameters are used to develop control strategies that maximize the biogas production. Furthermore, simulations show that the input concentrations should be carefully estimated because oversizing of these can cause erroneous results.
Finally, it is important to mention that some limitations during the development of this work were the lack of real data and the use of a steady state system for all simulations. In addition, to present the sensitivity analysis of ADM1 it was decided change the value of the input concentrations one at a time maintaining the other parameters equal to the base case. However, in the case of modifying several parameters at a time, the results are unknown. Future studies will be focused in analyze this topic.
